Objectives: Levator avulsion is associated with pelvic organ prolapse in women. It is diagnosed clinically by a widened gap on palpation between the insertion of the puborectalis muscle on the inferior pubic ramus and the urethra. This gap can also be assessed on imaging. This study aimed to determine the association between sonographically determined levatorurethral gap (LUG) measurements and symptoms and signs of prolapse.
P elvic organ prolapse (POP) in women is a common condition.
The lifetime risk of women of having to undergo prolapse surgery may be up to 19%. 1 The etiology of POP is complex and multifactorial including childbirth, alteration in collagen metabolism, 2,3 obesity, 4 and ageing. 5, 6 Emerging evidence relating vaginal birth to POP suggests that levator ani muscle (LAM) injury or "avulsion" may be a large part of the missing pathophysiological link between childbirth and POP. 5, [7] [8] [9] Avulsion is common, with the incidence ranging from 13% to 36%. 10, 11 This finding is associated with an increased risk of POP and recurrence after surgery. [7] [8] [9] 12 The puborectalis component of the LAM forms a V-shaped sling originating on the inferior pubic rami, surrounding the anorectal junction posteriorly. It defines the levator hiatus and provides support to the pelvic organs. The muscle is exposed to a substantial degree of stretch at crowning of the fetal head 13, 14 which may result in traumatic detachment from its insertion. 10, 15 This form of injury may be diagnosed on palpation as a widened gap between the insertion of the puborectalis muscle on the inferior pubic ramus and the urethra, approximately 2 to 3 cm cranial to the hymen. 16, 17 This gap can also be assessed on ultrasound (US) as the "levator-urethral gap" or (LUG) and on magnetic resonance (MR) imaging as the levator-symphysis gap (LSG). A high agreement has been shown between the 2 imaging modalities. 16, 18 Increased LSG measurements on MR have been documented in women with POP. 19, 20 Levator-urethral gap measurement on translabial US (TLUS) has been used in the assessment of levator integrity. 16 However, the association between LUG and POP remains undefined. This study was designed to determine the validity of LUG measurement in the assessment of POP by studying its association with symptoms and signs of POP. The primary outcome measures include symptoms and bother of prolapse; and significant prolapse clinically and on US. Our null hypothesis was "levatorurethral gap measurements are not associated with signs and symptoms of POP."
METHODS
This was a retrospective study approved by the Nepean Blue Mountains Local Health District Human Research Ethics Committee (NBMLHD HREC ref. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .The records and US volume data sets of 450 consecutive women seen in a tertiary urogynecological center for pelvic floor dysfunction between January 2013 and February 2014 were analyzed. All women had undergone a standardized clinical assessment including a physician-directed in-house clinical interview, International Continence Society (ICS) POP Quantification (POPQ) 21 and a 4-dimensional TLUS.
Subjective bother of prolapse symptoms was quantified using a visual analogue scale (VAS), in those who gave a history of POP symptoms in the standardized interview. 22 The VAS has been shown to be highly reproducible in assessing severity of symptoms, including symptoms of pelvic floor dysfunction. [22] [23] [24] Quantification of prolapse bother using VAS is valid and repeatable and is significantly associated with both clinical and sonographic measures of pelvic organ descent. 22 Women were asked "how much are you bothered by the sensation of a lump in the vagina and/or the dragging sensation?" and were required to move a sliding indicator along a non-segmented, continuous 0 to 10 cm scale indicating their bother from "not at all" to "the worst imaginable." The bother was rounded to the nearest millimeter. The bother was presumed to be 0 with negative response. 22 Translabial US was performed using the GE Voluson 730 Expert system (GE Medical Systems, Zipf, Austria), with an 8to 4-MHz curved array volume transducer, at an acquisition angle set to the system maximum of 85 degrees, in the supine position, after voiding as previously described. 25 Volumes were acquired at rest, on pelvic floor muscle contraction (PFMC) and on Valsalva maneuver which lasted for at least 6 seconds. 26 A minimum of 3 US volumes on Valsalva were acquired and the volume demonstrating the greatest degree of pelvic organ descent was used for assessment of pelvic organ descent and hiatal area on Valsalva.
"Clinically significant prolapse" was defined as ICS POPQ stage 2 or higher in the anterior and posterior compartment, and stage 1 or higher centrally. 27 The definition of "significant prolapse" on TLUS was determined relative to a line placed through the inferior symphyseal margin 28 and based on previously published cutoffs (≥10 mm below the symphysis pubis (SP) for a cystocoele and ≥15 mm below the SP for the rectal ampulla) and to the level of SP or lower for enterocele. 29 Significant uterine descent was defined as descent of the uterus to 15 mm above the SP or lower. 30 Measurements are given in millimeters, with negative figures signifying descent below this line. Hiatal area on maximum Valsalva was obtained in the axial plane using rendered volume with area of interest set at 1 to 2 cm in thickness incorporating the plane of minimal hiatal dimensions. 31 Post-imaging analysis of archived US volumes for the LUG measurement, that is, the distance between the center of the urethra and the levator ani insertion on the inferior pubic ramus, was undertaken at a later date, on a desktop PC by the first author, using proprietary software 4D View version 9.0-10.0 (GE Medical Systems, Zipf, Austria), blinded against all other data. These measurements were performed on three central tomographic ultrasound imaging (TUI) slices in the axial plane, that is, at the plane of minimal hiatal dimensions, 2.5 and 5 mm cranial to this plane on both sides (resulting in a total of 6 LUG measurements per patient, ie, 3 measurements per side), using volume data obtained on maximal PFMC, or at rest inpatients who failed to perform PFMC. Calipers were placed in the center of the hypoechogenic structure signifying the urethral mucosa and smooth muscle, and the most medial aspect of LAM insertion on the inferior pubic ramus (Figure 1 ). Mean overall LUG, maximum LUG, presence of at least 1 abnormal LUG of 6 measurements, total number/frequency of abnormal LUG measurement (1) (2) (3) (4) (5) (6) and presence of at least 3 abnormal LUG on the same side on the 3 central TUI slices were explored as explanatory parameters and their association with symptoms, bother, and signs of POP assessed. A previously described cutoff of 25 mm was used to define an abnormal LUG. 16 This cutoff is optimal for the diagnosis of levator avulsion injury with a sensitivity of 63% and specificity of 94% on receiver-operating characteristics analysis. 16 A test-retest series of 20 volume data sets was performed by the first and second authors to determine interobserver repeatability.
Statistical analyses were performed using SPSS V20 (SPSS, Chicago, IL). Normality of data was assessed using the Kolmogorov-Smirnov method. The association between explanatory parameters with binary, and continuous outcome measures were analyzed using univariate binary logistic and linear regression, respectively. Multivariate analyses to assess the potential confounding effect of age, body mass index, history of instrumental delivery, hysterectomy, incontinence, and/or prolapse surgery were performed using multivariate binary logistic and linear regression model, for binary and continuous outcome parameters, respectively. A P value less than 0.05 was considered statistically significant.
RESULTS
Of 450 data sets, 18 had to be excluded due to missing US volume data, leaving 432 for analysis. All subsequent analysis pertains to these 432 women. Demographic data and clinical characteristics are presented in Table 1 .
Clinically, 79.4% (n = 343) had significant prolapse, that is, ICS POPQ stage ≥ 2 in the anterior or posterior compartment or stage ≥ 1 centrally. This involved the anterior compartment in A test-retest series of 20 US volume data sets between the first and second authors showed good repeatability of LUG measurement with an Intraclass Correlation of 0.773; 95% confidence interval (CI), 0.693-0.835 (single measures, absolute agreement definition). On postprocessing analysis of TLUS volume data sets, we obtained a total of 2592 LUG measurements (3 per side in 432 patients). Mean LUG was 22.5 mm (SD, 4.6; range, 12.1-38.9). Mean maximum LUG in individuals was 26.4 mm (SD, 6.0; range, 14.2-40.5 mm). Using a previously determined cutoff of 25 mm, we identified at least 1 abnormal LUG in 222 women (51%). The published definition of levator avulsion on the basis of LUG measurements, that is, an abnormal LUG in all 3 central slices (the plane of minimal hiatal dimensions, 2.5 and 5 mm cranial to this plane) on at least 1 side 32 was fulfilled in 103 women (24%).
On univariate analysis, LUG measurements were strongly associated with symptoms of prolapse, prolapse bother, and significant prolapse clinically and on TLUS (see Table 2 ). On multivariate analysis, we found no significant confounding effect of age, body mass index, history of instrumental delivery, previous hysterectomy, and incontinence/prolapse surgery.
DISCUSSION

Main Findings
The LAM is believed to be important in pelvic organ support. Its morphobiometry has been shown to be associated with POP. 9, 12, 33, 34 Abnormal muscle insertion to the inferior pubic rami of the puborectalis, or levator avulsion, is a diagnosis that can be made on clinical examination or on imaging with MR or US. The diagnosis of avulsion has been shown to be associated with an increased risk of POP, especially in the anterior and central compartments. 9, 12 Although such association has been well established, the validity and utility of LUG measurement on TLUS, a quantitative assessment of puborectalis muscle insertion, remains to be determined.
A parameter that is nearly equivalent to sonographic determination of LUG, the LSG, can be obtained on MR imaging. Although LUG measures the distance between levator insertion and the centre of the urethra, the LSG determines the distance between muscle insertion and the center of the SP, a measurement that one would expect to be a few millimeters higher than the LUG.
Hoyte et al 19 have demonstrated greater LSG measurements on MR imaging in women with prolapse, 30.8 mm versus 23.8 mm, respectively. This was supported by Singh et al 20 who found greater LSG measurement with increasing grade of POP. The latter had proposed MR imaging as an important component in the evaluation of women with pelvic floor disorders and that subclassifying prolapse based on levator ani morphologic features may be predictive of recurrence after surgery. As is evident, the results of both those studies are supported by the US data reported here, and one may conclude that the 2 methods, to all intents and purposes, are interchangeable. However, the utility of MR imaging is limited by cost and accessibility, and the concurrent assessment of functional anatomy, as required for the quantification of POP and hiatal distension, is difficult to impossible. Hence, US seems greatly preferable for this task.
Our findings have demonstrated that LUG measurements on TLUS are strongly associated with both symptoms and signs of POP, thereby validating the methodology and supporting previous work obtained with both MR and US. Furthermore, we have shown a high interobserver repeatability of LUG measurement on TLUS which, together with its low cost and accessibility, supports the utility of LUG in the assessment of POP.
Levator ani muscle avulsion is not only relevant as an etiological factor of prolapse but also as a predictor of recurrence after pelvic reconstructive surgery in the medium and long terms. 35, 36 Conservative management and surgery are less likely to be successful in women with avulsion, which matters for counselling, but also, at least potentially, for choice of treatment. Meshaugmented pelvic reconstructive surgery has been shown to reduce the likelihood of prolapse recurrence overall, but especially after surgery in women with avulsion. 35, 36, 37 Because mesh-related complications have become a major issue, a diagnosis of avulsion allows mesh-augmented surgery to be offered selectively to women at high risk of recurrence, that is, to those with LAM avulsion in whom the risk-benefit ratio is much more likely to be favorable.
However, diagnosis of LAM avulsion qualitatively on TUI (using the 3 central slices) or by palpation can sometimes be difficult, especially in cases of poor levator contractility and bilateral avulsion which may impair diagnostic accuracy as a result of reduced muscle definition and asymmetry. 16 Abnormal LUG measurements in those diagnosed with avulsion qualitatively on TUI have been demonstrated in previous studies. 18, 19 Abnormal LUG measurements may therefore be used as a proxy to the qualitative diagnosis of levator avulsion on imaging and/or palpation, especially in doubtful cases, when a diagnosis of avulsion may be crucial for surgical planning.
Strengths and Limitations
The strengths of the study include its large population size of more than 400 data sets and more than 2500 LUG observations. Levator-urethral gap measurements were performed blinded to all clinical data, thereby avoiding bias. Furthermore, LUG measurements were validated against several parameters of POP, both subjective and objective measures including prolapse symptoms and bother, clinically significant POP using the ICS POPQ and on TLUS. On the other hand, the retrospective design of this study is a limitation. Our study population was largely white who were symptomatic of pelvic floor dysfunction; hence, results may not be extrapolated to other ethnic backgrounds and to the general population. Similar studies in other ethnic groups and in asymptomatic cohorts are recommended, especially as it has already been shown that LUG cutoffs may have to be lower in East Asians. 18 A case control study, using asymptomatic women as a comparison group, may also be beneficial.
Interpretation
The LUG is a highly repeatable, simple measure that is strongly associated with both symptoms and signs of prolapse, clinically and on TLUS. The proposed minimal criteria for diagnosing levator avulsion, that is, 3 central slices showing abnormal LUG, carries an odds ratios for significant POP clinically and on US imaging of 6.5 (95% CI, 2.9-14.0) and 5.5 (95% CI, 3.0-10.1), respectively, validating the parameter for use in the assessment of women with POP.
CONCLUSIONS
Levator urethra gap measurement on TLUS seems to be highly reliable and valid. It is strongly associated with both symptoms and signs of POP in women. It may also be used to supplement the qualitative diagnosis of avulsion on imaging or palpation, especially in doubtful cases, in which diagnosis of avulsion may be helpful for surgical planning. 
